Detection of fluo~in-5-~thiocyanate (FITC)-labeled conjugates is suboptimal in two-color confocal scanning laser miaoscopy (CSLM). This limits the detection of small, dimly fluorescent targets. We explored the possible advantages of applying eosin-5-isothiocganate (EITC) conjugated to avidin (AV-EITC) as an alternative for AV-FITC in CSLM. Despite the lower quantum efficiency of E m , we found that the measured AV-EITC and AV-FITC emission intensities were similar as a result of the standard filter combinations used for simultaneous two-color detection in the Bio-Rad MRC Supported by the " W O Foundation for Medical and Health Research Correspondence tO: R. Hulspas, ITRI-TNO, Dept. of Molecular MEDIGON (grant no. 900-534-067) . Box 5815, 2280 HV Rijswijk, The Netherlands. 600 CSLM. The advantage of AV-EITC was that its fading charactetistics compared very favorably to those of AV-FIX. An excitation intensity-dependent increase in AV-EITC fluorescence was observed, followed by an exponential decrease. This increase in fluorescence allows longer observation times, averaging of several scans without loss of brightness, and thus detection of dimly fluorescent targets by
Introduction
Detection of the emission from fluorescein-5-isothiocyanate (FIE)labeled targets is suboptimal when excitation and emission maxima of the fluorochrome do not match those of the optics in a fluorescence microscope. Since the confocal scanning laser microscope (CSLM) utilizes laser excitation, only a limited number of excitation wavelengths can be chosen. This restricts the number of fluorochromes that are optimally excited in a CSLM and therefore the excitation of many fluorochromes is suboptimal. Especially in simultaneous two-color detection, where a compromise is made between the excitation and emission maxima of the fluorochromes (e.g., FITC and rhodamine), the detection efficiency may be very low.
For simultaneous detection of FITC and rhodamine the Bio-Rad MRC 600 is equipped with an argon laser from which the 514-nm emission line is selected. This wavelength is beyond the absorption maximum of FITC (492 nm) . Green (514 nm) laser light reflecting from the specimen is blocked from the collection optics by a dichroic beamsplitter with a cut-on wavelength of 527 nm (DR527LP). This mirror eliminates a signrficant fraction of the F I X emission, which peaks at 520 nm. Next, the FITC and rhodamine emissions are separated by a second dichroic beamsplitter with a cut-off wavelength at 565 nm (DR565LP). Finally, the FITC emission is collected through an emission filter with a peak transmission at 540 nm (BP540P30).
The problem of decreased detection becomes even more severe when high-intensity excitation is used. Aligning objects of interest by laser excitation before the recording results in loss of signal due to rapid bleaching. Multiple scanning to improw the signal-to-noise ratio actually increases bleaching. This means that in dimly fluorescent targets (e.g., from labeled single-copy genes) (9), no detectable signal may be left. When AV-FIX and anti-digoxigenin-rhodamine were used to simultaneously detect telomeric and centromeric DNA of Chromosome 1 (with a biotin-labeled probe and a digoxigenin-labeled probe, respectively), such difficulties were encountered in detecting the low F I E signals. This initiated the search for an altemative green label that matched the optics of the CSLM.
A fluorochrome maximally excited at a wavelength closer to 514 nm and emitting at 540 nm could raise the lower level of detection in CSLM without changing filter sets. Our search for such a fluorochrome included criteria such as high solubility in water, low molecular weight, and ease of conjugation to proteins. Because the absorption maximum of unbound eosin-5-isothiocyanate (EITC) is at 522 nm (4) and the other requirements also seemed to be met, this fluorochrome was further tested.
In this study we compared the detection efficiencies of AV-EITC and AV-FITC through the CSLM optics. Different bleaching properties for these two conjugates were discovered under CSLM measuring conditions.
Materials and Methods
Conjugate Preparation and Spectral Properties. Stock solutions of 1 mg FlTClml (Sigma; St Louis, MO) and EITC (Sigma) were made in 0.4 M sodium carbonate buffer, pH 9.4. A stock solution of 10 mg avidinlml (Sigma) was made in water. Fluorochrome and avidin were added in 10:1 or 10:3 molar ratios to 1 ml carbonate buffer. The reactions were allowed to proceed for 18 hr at 4°C in the dark. Conjugate samples were run over Sephadex G-25 columns equilibrated with PBS, pH 7.4, to remove unbound fluorochrome.
Protein (avidin) concentrations were determined by measuring the absorption at 280 nm, using an experimentally determined molar extinction coefficient (&280) of 8.88 x lo4 M-' cm-'. The fluorochromelprotein (F/P) ratios were determined from the conjugate absorption spectra, based on = 7.2 x lo4 M-' cm-' for FITC (10) and E,,,= = 8.3 x lo4 M-' cm-' for EITC (4). The F/P ratios of 1.7 and 1.0 were obtained for AV-EITC after conjugation at molar ratios of 1O:l and 10:3, respectively. The corresponding FlP ratios for AV-FIX were 1.6 and 0.8.
Absorption spectra were measured in an Ultraspec 4050 spectrophotometer (Pharmacia LKB Biochrome; Uppsala, Sweden). Emission spectra of equimolar solutions of the conjugates were determined in an ISSO luminescence spectrometer (Perkin-Elmer; Buckinghamshire, UK). Excitation and emission slits were set at 3 nm and 5 nm, respectively.
CSLM Optical Components and Spectral
Properties. Transmission spectra of the following optical components (Omega; Brattleboro, VT) were determined in the spectrophotometer: DR527LP (dichroic beamsplitter), DR56SLP (dichroic beamsplitter), and BP540P30 (emission filter). The angle under which the transmission spectra of the dichroic mirrors were measured was set at 45" as in the CSLM. The reflection spectrum of the DR565LP was derived from the transmission spectrum. From these data the effects of each optical component on the detection efficiencies for AV-EITC and AV-FITC were calculated (within the 450-650-nm range).
Sample Preparation. To analyze the bleaching characteristics under CSLM conditions, excitation before the recording had to be avoided. Alignment of the sample was therefore done with brightfield illumination. Because the fluorochromes were not excited, it was impossible to bring small fluorochrome-labeled targets into focus. Fluorescent in situ hybridization on DNA revealed relatively small fluorochrome-labeled targets (data not shown). Therefore, this technique could not be used for analysis of the bleaching characteristics. Since tubulin-labeled cells could provide large fluorochrome-labeled areas that were usually in focus after alignment of the sample, we chose this model for the bleaching measurements.
HL6O cells fixed in 2 % (wlv) paraformaldehyde were washed and preincubated in HSA (Hank's balanced salt solution) (Gibco; Grand Island, NY), [lo.> mM HEPES, 5% (v/v) normal goat serum, 0.002% (vlv) sodium azide] for 15 min at room temperature. Next, the cells were incubated for 30 min at room temperature with a murine monoclonal antibody to b-tubulin (Boehringer; Mannheim, Germany) diluted 1:50 in HSA. After three washes in HSA, cells were incubated for 30 min at room temperature with a biotinylated goat polyclonal antibody to mouse immunoglobulin (Tago; Burlingame, CA), diluted 1:50 in HSA. After two washes in HSA the cells were stained with either AV-FITC (1:SOO) or AV-EITC (1:500) in HSA for 1 hr at room temperature. Finally, the cells were washed in PBS and re-suspended in PBS or in antifade buffer which consisted of 0.45 M 1,4-diazobicyclo-(2,2.2)-octane (DABCO) (Aldrich; Brussels, Belgium) in 90% glycerol (vlv), 10% PBS (vlv), pH 8.
Bleaching Measurements. Bleaching of the fluorochromes in the cell samples was measured with the Bio-Rad MRC 600 (Bio-Rad; Hertfordshire, UK) with an x 63/1.3 oil objective (Leica; Heidelberg, Germany). Cells were aligned with brightfield illumination, avoiding bleaching before the measurements with the laser. Measurements were performed with 1% ( + 0.1 mW) or 3% ( + 3 mW) laser output power of the 10-mW 514-nm argon line. The output power was adjusted by gray filters.
Cells were scanned in the X-Y plane (scan speed +2 msec/pn2) at a fixed 2-position with a zoom factor of 6, resulting in a digital image of 170 x 170 pixels. A scan series consisted of sequential scans (images) of the same sample. Every other image from experiments performed at 0.3 mW excitation power m stored on a hard disk. Every fifth image was stored for scan series performed at 0.1 mW excitation power.
The total fluorescence intensities per image were calculated by integrating the pixel values. The initial fluorescence of each scan series was normalized to 100 arbitrary fluorescence units. Bleaching curves were generated from the average fluorescence intensities of three scan series.
Results

Fluorochrome Excitation and Emission Efficiency
The molar absorbances of unbound EITC and FITC at 514 nm, as determined from the absorption spectra ( Figure IA) , indicated that replacing FITC for EITC would result in a sixfold gain in molar absorbance at the 514-nm laser line. However, after conjugation of the dyes to avidin, their absorption spectra shifted to higher wavelengths. The absorption maximum (Amax) of free and conjugated FITC were 492 nm and 498 nm, respectively. For free and conjugated EITC, Am, shifted from 518 nm to 527 nm ( Figure   1B) . As a result of these conjugation-induced absorption shifts, the molar absorbance gain at 514 nm of EITC over FITC was reduced from 6 to 1.7.
Despite the higher molar absorbance at 514 nm, the fluores- cence yield of AV-EITC was found to be 67% of the fluorescence yield of AV-FITC (calculated from the integrated values from the emission spectra shown in Figure 2 ). This was in accordance with the quantum yields of EITC and FITC, which are 0.2 and 0.9, respectively (3). Note that the fluorescence yield of AV-FITC on excitation at 514 nm was already reduced, because the fluorochrome emits only at longer wavelengths than those at which it is excited.
Fhorochrome Emission Detection Efliciency
The fluorescence data of conjugated EITC indicated that the replacement of FITC for EITC would not improve the lower level of detec-loo{ A h tion. However, theoretical analysis of the CSLM optics indicated a significant effect on the detected fluorescence, such that AV-EITC could be predicted to be as bright as AV-FITC. Emission spectra of equimolar solutions of AV-EITC (F/P = 1.7) and AV-FITC (F/P = 1.6) were recorded, with a luminescence spectrophotometer and then theoretically corrected for the transmission (or reflection) of the CSLM optical components. First, the influence of the DR527LP beamsplitter was analyzed and was calculated to transmit only 39% of the AV-FITC, whereas 63% of the AV-EITC emission was transmitted ( Figures 3A and 3B) . Second, the DR565LP beamsplitter reflected 95% of both the residual emissions ( Figures 3B and 3C) . Third, the respective transmission percentages of the BP540P30 Figures 3C and 3D ). An overall emission detection efficiency of 0.18 was calculated for AV-FITC and 0.27 for AV-EITC ( Figures 3A  and 3D ). This higher detection efficiency for AV-EITC. combined with the lower fluorescence quantum yield, therefore resulted theoretically in equal amounts of detected AV-EITC and AV-FITC fluorescence in the CSLM. In addition, the EITC emission leak into the rhodamine detection channel (emission filter EFBOOLP) was, owing to the lower fluorescence quantum yield of AV-EITC, comparable with that of the FITC emission. 
Bleaching Characteristics
The bleaching characteristics of AV-EITC and AV-FITC were determined with labeled cells mounted in PBS or in antifade buffer. Samples mountcd in PBS bleached rapidly, as shown in Figure 4A . Antifade buffer inhibited bleaching significantly for both fluorochromes; however, AV-EITC and AV-FITC bleached in a different manner ( Figure 4B ).
For cells mounted in antifade buffer, bleaching of AV-EITC was )receded by an increase in fluorescence intensity. The increased Iv-EITC fluorescence reached maximum values of 159 arbitrary Figure 5 . Twochannels acquisition CSLM recordings of double-label fluorescence in situ hybridization experiments on human chromosomes. The DNA probe specific for the subcentromeric region of chromosome 1 (pUC1.77) was labeled with digoxigenin and subsequently detected with anti-digoxigenin-rhodamine. The DNA probe specific for the subcentromeric region of chromosome 11 (pLC1l.A) (arrows) was labeled with biotin and detected with either (A) AV-EITC or (E) AV-FITC. Chromatin was counterstained with propidium iodide. Bars = 10 pm. fluorescence units after 7 scans at 0.3 mW. At 0.1 mW excitation the maximum was 126 arbitrary fluorescence units after 26 scans. These increases facilitated 34 scans at 0.3 mW and 117 scans at 0.1 mW while detecting ,100 arbitrary fluorescence units per scan.
Bleaching of AV-EITC fluorescence in antifade buffer resulted in a 50% decrease after 300 scans at 0.1 mW (not shown) and 71 scans at 0.3 mW laser output. For AV-FITC the 50% fluorescence levels were reached after 48 scans and 16 scans at 0.1 mW and 0.3 mW laser output, respectively.
Discussion
Several characteristics of EITC were studied with regard to its use as an alternative to FITC for simultaneous two-color detection in CSLM. The water solubility of EITC and FITC and ease of conjugation to avidin were found to be similar. In addition, the relatively low molecular weight of EITC (MW 705) makes it suitable for DNA in situ hybridization experiments on slides (Figure 5 ) or on cells in suspension where the molecules must penetrate into the nucleus. Based on the molar absorption coefficients of EITC and FITC at 514 nm, a sixfold excitation efficiency could be expected. However, conjugation to avidin reduced the excitation efficiency to 1.7fold as the absorption maxima shlfted to higher wavelengths. This phenomenon varies from protein to protein and may be F/P ratiodependent (4,5). In the selection of fluorochromes for singlewavelength excitation, this shift of the absorption maximum on conjugation appeared an important parameter.
Although the quantum efficiency of AV-EITC was low, the detection efficiency through the CSLM optics was shown to be 1.5 times higher than for AV-FITC. We found that the first dichroic beamsplitter (DR527LP), which separated the 514 nm excitation light from the induced fluorescence, had the most dramatic effect.
Increased detection yield of both AV-EITC and AV-FITC would be accomplished by the application of a dichroic beamsplitter with a lower cut-on wavelength, a steeper cut-on slope, and a higher transmission. Another option for an improved AV-FITC detection yield in two-color experiments would be the use of the 488-nm line from an argonlkrypton mixed-gas laser as one excitation source. However, excitation at a more efficient wavelength leads to an increase in the destruction of fluorochromes per unit of time and thus causes an increase in the bleaching rate.
The bleaching rates of AV-EITC and AV-FITC were shown to be a function of the excitation energy (1,6,12) , while DABCO effectively inhibited the bleaching rates. This effect has been explained by its suppressive effect on photodestruction (2,7,8,14) . This inhibiting effect could explain delayed bleaching but not the observed increase in AV-EITC fluorescence on subsequent excitation pulses.
Another mechanism involved in bleaching is liberation of the fluorochrome from the conjugate (10). This mechanism should result in a reduced fluorescence yield only if the absolute fluorescence yield of the conjugate is independent of the F/P ratio. Yet, conjugates containing large numbers of fluorochromes may give rise to a low fluorescence yield, due to self-quenching (13). Liberation of fluorochromes from these conjugates would result in a higher fluorescence yield. Since self-quenching of AV-EITC was not observed in the F/P = 1.7 conjugate (data not shown), this mechanism could not explain our findings.
Fluorochrome conversion, in which the chemical structure of the fluorochrome is altered, is another excitation-related phenomenon ( 5 ) . In other words, excitation could lead to the conversion of one fluorochrome into another fluorochrome. The observed increase in fluorescence yield might possibly be due to this mpchanism. The altered chemical structure of AV-EITC (e.g., loss of bromide atoms) could give rise to a higher quantum yield, while the emission peak still remained near 540 nm.
Although the mechanism that caused an increased fluorescence yield of AV-EITC is not fully understood, we believe that application of this conjugate will be very useful in CSLM. Standard conjugation protocols could be used for conjugation of EITC to avidin.
The delayed bleaching is especially advantageous during sample alignment with laser excitation. Aligning, which takes five to 20 scans of an AV-EITC-stained sample, results in no loss of fluorescence intensity at 0.1 mW laser power. In contrast, AV-FIE-stained samples show a signifcant loss of fluorescence intensity during alignment. Moreover, when dimly fluorescent targets are scanned, averaging over several scans is often done to improve the signal-to-noise ratio (1,ll). Because of the delayed bleaching of AV-EITC, fewer scans are required and better signal-to-noise ratios can be obtained. Therefore, the use of AV-EITC in CSLM is recommended. Currently, experiments are being performed to investigate the application of AV-EITC in the detection of single-copy genes by CSLM.
